STUDY QUESTION: Does Day 3 embryo biopsy for pre-implantation genetic testing for monogenic (PGT-M) and structural chromosomal aberrations (PGT-SR) affect body composition and blood pressure readings of 6-year-old singletons?
Introduction
Pre-implantation genetic testing for monogenic disorders (PGT-M) and for structural chromosomal aberrations (PGT-SR) are invasive procedures due to the embryo biopsy but offer a recourse for parents to prevent the transmission of a heritable disease to their offspring. While the number of reported PGT cycles increases annually and the number of births reached over 10 000 in 2012 according to the ESHRE PGD Consortium (De Rycke et al., 2017) , the health risks for the offspring are still poorly understood. Although couples opting for PGT-M or PGT-SR are not necessarily infertile, they run through all steps associated with ART, including ovarian stimulation and ICSI. Therefore, the medical outcome of children born after ICSI in combination with an embryo biopsy should be closely monitored. Although neonatal outcomes after PGT conception have been found comparable to those after ICSI (Desmyttere et al., 2012; Bay et al., 2016; Hasson et al., 2017) , only a few studies have reported on the medical outcome after PGT at older ages. We previously reported a lower BMI in 2-year-old PGT children, while the prevalence of major as well as minor congenital anomalies, hospital admissions and surgical interventions was similar (Desmyttere et al., 2009) .
Embryo biopsy in combination with IVF or ICSI is also applied in couples with an infertility background for the purpose of pre-implantation genetic testing for aneuploidy (PGT-A). But parents who opt for PGT-M or for PGT-SR are not necessarily infertile. Although data on outcomes after PGT-A are not directly transferable, Dutch reseachers reported that blood pressure and anthropometry in children conceived after IVF/ICSI with or without PGT-A did not differ at the age 4 and 9 years (Seggers et al., 2013; Kuiper et al., 2017) .
In the present single-centre study, we investigate whether ICSI in combination with embryo biopsy at the cleavage stage adversely affects child health by comparing blood pressure readings and body composition in 6-year-old singletons born after PGT-M and PGT-SM with results of case-controlled matched peers born after ICSI.
WHAT DOES THIS MEAN FOR PATIENTS?
Pre-implantation genetic testing for monogenic disorders (PGT-M) and for structural chromosomal aberrations (PGT-SR) involves genetic testing of cells biopsied from in vitro-fertilized embryos and the selective transfer of embryos unaffected for the condition under study. It is an option for couples to prevent the transmission of genetic abnormalities to their children. ICSI is applied as the in vitro fertilization method, followed by embryo biopsy at Day 3 or Day 5/6; both procedures are invasive for the embryo.
The safety of the ICSI procedure has been assessed in many follow-up studies, but the follow-up after PGT conception with ICSI and embryo biopsy procedures remains limited so far. Previous studies on neonatal outcomes after PGT have found comparable findings to those after ICSI without embryo biopsy. However, few studies have reported outcomes after PGT at older ages. This study looks at whether adding embryo biopsy to the ICSI procedure increases the risk of altered body fat composition or high blood pressure in childhood.
This study suggests that 6-year-old children born after PGT-M/SR with ICSI and embryo biopsy at day three do not differ in terms of BMI, body circumferences, skinfold thicknesses and blood pressure readings from children born after the same treatment protocol but without embryo biopsy. This comparison group, of children born after ICSI without embryo biopsy, resembled the PGT-M/SR group in terms of gender, age, maternal educational level and birth order.
Future studies should focus on outcomes in children born after new treatment protocols, including embryo biopsy performed at Day 5/6 (instead of Day 3) and after transfer of warmed embryos after vitrification (instead of after fresh embryo transfer).
Material and Methods

Setup and study groups
All singleton, Caucasian, Dutch-speaking children, born after 32 weeks of gestation reaching 6 years of age between May 2011 and June 2017 and born after PGT-M and PGT-SR were eligible. Only Dutch-speaking and Caucasian singletons were considered eligible to overcome linguistic and sociocultural barriers, given the parallel psychomotor testing. Multiples and very prematurely (<32 weeks) born children were not eligible because of possible interference with their development.
For each child in the PGT-M and PGT-SR group, a singleton born after transfer of a fresh ICSI embryo at the blastocyst stage and reaching the age of 6 years between May 2011 and June 2017 was matched as closely as possible for gender, age, maternal educational level (low, medium, high) and finally for birth order. Maternal educational level is used as a proxy for (family) social educational status, which has been shown to be inversely related to child body weight (Murasko, 2009) . Matching for birth order was performed given the well-known differences in size at birth and growth during childhood of firstborns vs later-borns (Savage et al. 2013 ). In the case of more than one match, the control child that was invited for participation was randomly selected by the computer. In case the parents refused participation, another child fulfilling the matching criteria was invited.
Given the comprehensive paediatric and neurological follow-up programme for all children born after ART in our centre, all eligible children were previously examined at age 2 months and/or 2 years (Desmyttere et al., 2012) . Families were invited for clinical examination at the Centre for Medical Genetics by telephone after they had received a letter explaining the study design. Data on cognitive and psychomotor development were collected in parallel and are reported elsewhere (Winter et al., 2014) .
The ovarian stimulation protocol and the ICSI procedure were identical in both groups. All embryo biopsies (aspiration of blastomeres after laser drilling) were carried out on fresh cleavage-stage embryos (Day 3), followed by fresh transfer at the blastocyst stage (Day 5), as previously described (De Vos et al., 2009) . Therefore, only children conceived by ICSI after transfer of a fresh embryo on Day 5 were eligible for matching. Only embryo biopsies for the purpose of PGT-M and PGT-SR were considered; PGT-A cycles were excluded.
Measurements
Physical examination
Weight and (standing) height were measured using standard equipment. BMI was calculated as weight in kilograms divided by the square of height in meters (kg/m 2 ). Waist circumference and mid-upper arm (MUAC) circumference were measured using a non-stretchable tape. Waist circumference was measured at the narrowest point between the lower costal border and the iliac crest, with the subjects standing. The MUAC was measured midway between the lateral projection of the acromion process of the scapula and the inferior margin of the olecranon process of the ulna. Skinfolds were measured at the non-dominant side of the body using a commercial skinfold caliper (Harpenden, British Indicators Ltd., London, UK). Triceps and biceps skinfold thickness were used as a measure of peripheral adiposity, and subscapular and supra-iliac skinfold thickness as a measure of central adiposity. The sum of the four skinfolds was used as a measure of total adiposity and the percentage of body fat was derived from the skinfolds using the Slaughter equation (Slaughter et al., 1988) , which is appropriate for both sexes in childhood (Nagy et al., 2014) . The central/peripheral (subscapular/triceps) skinfold ratio was used as an index of body fat distribution. Weight, height, BMI, waist circumference and MUAC were converted to age-and sex-adjusted z-scores using national reference curves ).
Solely for the purpose of completeness, we report major congenital malformations defined as a malformation that generally causes functional impairment or requires surgical correction (Bonduelle et al., 2002) . Here, we report malformations from birth up to the age of 6 years.
Buccal smears were collected and stored for later epigenetic analysis. Blood pressure and heart rate were measured twice using an automated electronic device (Spot Vital Signs, Welch Allyn, Inc., New York, NY, USA) on the non-dominant arm when the subject had been seated for at least 5 min. The device has passed international validation protocols for accuracy (Davies et al., 2005; Alpert, 2007) . Sex-, height-and age-adjusted z-scores of blood pressure readings were calculated according to standards of the National High Blood Pressure Eduction Program Working Group on High Blood Pressure in Children and Adolescents (2004), using height z-scores based on the national growth charts .
Questionnaires
Parents were asked to complete a questionnaire covering a broad range of parameters related to their and their children's health status. This included information on hospitalizations, chronic medication intake (>3 months), illnesses, treatments (speech, psychological, physiotherapy) and surgical interventions. In addition, the family history and parental height and weight (converted to BMI) and educational level were registered as well as the pregnancy course and early-life factors including breastfeeding and in utero exposure to tobacco and alcohol. The parental educational level was coded as low (partially completed education or no qualifications at all), medium (high school degree) or high (degree in higher education).
Informed consent and ethics committee
Written informed consent was obtained from all parents. The study was approved by the Ethics Committee of the UZ Brussel.
Statistical analysis
Descriptive statistics for continuous variables are presented as means with their SD and as the frequency and percentage for categorical variables. A Chi-squared test was used to compare categorical variables and Student's t-test to compare continuous variables between the group born after embryo biopsy (PGT-M and PGT-SR) and the ICSI group. A P value <0.05 was considered significant. Data analysis was performed using SPSS software version 23 (SPSS Inc, Chicago, IL, USA).
Z-scores for weight, height, BMI and mid-upper arm and waist circumference were calculated from the national growth reference . Birthweight z-scores were calculated according to Niklasson et al. (1991) taking into account gender and gestational age.
Since the study was not powered to comment on congenital malformation rates, no statistical analyis was performed for this outcome.
Multiple linear regression analysis was used to investigate differences in body measurements and blood pressure between the two study groups, adjusted for covariates. Results are expressed as unstandardized regression coefficients (B) with a 95% CI. Covariates known to affect body composition and covariates that differed among groups were included in the final model: these include current characteristics (age), neonatal characteristics (birthweight, birth order) and parental characteristics (maternal smoking during pregnancy, BMI of the mother and of the father). For the analysis of blood pressure, BMI was included in the model as an additional covariate.
Subgroup multiple linear regression analysis was performed comparing anthropometrics and blood pressure readings in couples with an infertility factor whether related to their genetic problem or found incidentally.
The required sample size was estimated at 90 PGT-M and PGT-SR children and 90 ICSI children in order to detect a difference in systolic and diastolic blood pressure and waist circumference of 0.4-0.5 times the SD with a power of 80% and a test probability of 5%. This corresponds to a difference in either systolic or diastolic blood pressure of 4-5 mmHg, assuming an SD of 10 mmHg (National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents, 2004) or a difference of 1.6-2 cm for waist circumference.
Results
Participation
From the 124 eligible PGT-M and PGT-SR families, 110 could be reached of whom 23 refused and 87 (87/110 = 79%) participated. 'No time' or 'too long distance to the hospital' were the main reasons for refusing participation. Non-participating PGT-M and PGT-SR children (n = 23) did not differ from the participating PGT children in terms of gender, being firstborn, gestational age, birthweight or maternal educational level (data not shown).
From the 140 eligible families with an ICSI child matching a child born after embryo biopsy, 17 could not be reached and 36 refused participation. The reasons for refusal were as follows: too long distance to the hospital, no time, practical problems related to holiday/ work to fix a date for the visit. None of the families refused because of (adverse) medical condition of the eligible child. Finally, 87 ICSI children participated (87/123 = 70.7%).
Characteristics of the study population
Neonatal characteristics, including birthweight, birthweight z-score and gestational age were comparable between the two groups ( Table I ). The groups did also not differ in terms of parental characteristics: maternal weight gain, smoking and alcohol consumption during pregnancy, maternal age, maternal pre-pregnancy and current BMI as well as current paternal BMI were comparable between the groups.
PGT was in 17 cases performed because of chromosomal aberrations (PGT-SR), in 51 cases for monogenic disorders (40 autosomal dominant, 11 autosomal recessive) (PGT-M) and in 19 cases for X-linked disorders (PGT-M).
In 33 (38%) couples opting for PGT-M and PGT-SR, there was an infertility problem. This was in 17 cases related to the genetic disorder requiring PGT-SR and was found incidentally in 16 couples.
In the comparison group, ICSI was performed for male factor infertility in 48 (55%) of the cases, for female factor infertility in 15 of the cases and for combined infertility in 14 cases. The remaining 10 cases were considered as idiopathic infertility.
For information only, major congenital malformations were detected in seven PGT-M and PGT-SR children and in nine children born after ICSI. The following malformations were noted: in PGT-M and PGT-SR children-extensive congenital naevus, inguinal hernia (n = 2) requiring surgery, spermatocele, cryptorchidism, lymphangioma, cleft palate and in children born after ICSI-extensive congenital naevus, inguinal hernia requiring surgery, spermatocele, cryptorchidism, strabism (n = 3) requiring surgery, congenital hip dysplasia, sublingual thyroid.
Body composition after PGT-M and PGT-SR and ICSI
Anthropometric measurements, including z-scores of weight, height and BMI were comparable between the two groups (Table II) . Also, circumferential measurements (waist and mid-upper arm) were comparable between PGT-M and PGT-SR vs ICSI children. Furthermore, indices of peripheral and central adiposity were comparable between the two groups. The body fat mass, calculated according to the Slaughter equation, did not differ between children born after PGT-M and PGT-SR or ICSI.
Also in the adjusted analysis, taking into account current, neonatal and parental characteristics, no differences were found between z-scores of BMI, mid-upper arm and waist circumference and calculated body fat mass in PGT-M and PGT-SR vs ICSI controls.
Resting blood pressure after PGT-M and PGT-SR and ICSI
Mean systolic and diastolic blood pressure z-scores were comparable between the two groups (Table II) . Also, systolic and diastolic blood pressure z-scores did not differ between the two groups when adjusted for current, neonatal and parental characteristics.
Results from questionnaires
Up to the age of 6 years, 19 children born after PGT-M and PGT-SR had been hospitalized at least once, mainly for infectious disease (n = 15), but also for treatment of an extensive lymphangioma (n = 1), seizures (n = 1), constipation (n = 1) and exploration for a nephrologic problem (n = 1). In total, 24 ICSI children were at least once hospitalized, also mainly for infectious disease (n = 19). The rate of hospitalization did not differ between the two groups (P = 0.48). The proportion of chronic medication use (PGT-M and PGT-SR: 7/87; ICSI:6/87) and the proportion of children requiring (temporary or ongoing) additional therapy such as speech therapy, physiotherapy or psychological help (PGT-M and PGT-SR: 13/87; ICSI: 16/87) were not different between children born after embryo biopsy and after ICSI (P = 1.0 and P = 0.68, respectively). Surgical intervention was not more often required in children born after embryo biopsy (24/87) than for children born after ICSI (38/87) (P = 0.62). Surgical intervention was required mostly (PGT-M and PGT-SR: 16/24; ICSI: 18/28) for minor indications such as adenotonsillectomy and/or placement of grommets. Other indications were as follows: in the PGT-M and PGT-SR group: cryptorchidism, spermatocele, inguinal hernia, naevus, circumcision, cleft palate, lymphangioma and in the ICSI group: cryptorchidism, spermatocele, inguinal hernia, naevus, circumcision, strabism, burn wound, spleen rupture.
Subgroup analysis in children conceived by PGT-M and PGT-SR from parents with an infertility factor Z-scores of BMI, mid-upper arm and waist circumference, the sums of peripheral and central skinfold thicknesses, and z-scores of systolic and diastolic blood pressure in 33 children born after PGT-M and PGT-SR from parents with an infertility component were also comparable with the results in all ICSI children, also after adjustment for confounders (data not shown).
Discussion
This study investigates the medical outcome of the largest singlecentre cohort of singletons born after PGT for monogenic disorders and chromosomal structural aberrations, having reached the age of 6 years. Compared to matched peers born after ICSI without embryo biopsy, children born after PGT-M and PGT-SR showed no differences in body composition measurement and blood pressure.
Comparing our data to literature data is difficult since follow-up data of children conceived by PGT beyond infancy are scarce. Data on obstetric and neonatal outcomes were recently analysed by Hasson et al. (2017) and no adverse effect of PGT was found. We previously reported that, at 2 years of age, the mean BMI z-score although within normal limits tended to be lower in children born after PGT-M, PGT-SR or PGT-A, while the prevalence of major as well as minor congenital anomalies, hospital admissions and surgical interventions was similar (Desmyttere et al., 2009) . In this study, where only singletons born after PGT-M and PGT-SR but not after PGT-A were included, we did not find any difference in BMI at the age of 6 years. Only one other research group described anthropometric and blood pressure measurements at childhood ages in children born after embryo biopsy in a smaller study: at 4 and 9 years of age they found no differences between 43 children (29 singletons, 14 twins) born after IVF/ICSI with PGT-A and 56 children born after IVF/ICSI without PGT-A (Seggers et al., 2013; Kuiper et al., 2017) . However, although embryo biopsy was also performed at Day 3 in the latter studies, outcomes in PGT-A children may not be extrapolated to PGT-M and PGT-SR children given the dissimilar indications and parental reproductive background.
Although BMI is the most frequently used parameter for screening of excess adiposity (Sarría et al., 2001 ) and cardiometabolic morbidity (Adaki et al., 2013) , its limitations especially in growing children are well known (Wells, 2000) . Indeed a high variability in body fat for a given BMI in children is not uncommon (Wells et al., 2006) . This limitation can be partly addressed by inclusion of other anthropometric parameters and indices. We therefore also reported skinfold thickness and waist and mid-upper arm circumferences. Although these anthropometric measurements provide crucial information regarding body composition, the distribution of body fat and the prediction of cardiometabolic risk in children (Rose, 2005) , measurements like dual-X-ray absoprtiometry measurements are needed to discriminate between fat and lean body mass. Furthermore, interpretation and comparison of data on body composition at the individual and population level is often impeded by the lack of appropriate reference data. We, unlike others, have expressed anthropometric and blood pressure results as z-scores, thereby effectively taking into account gender and age.
However, although no differences were found between the PGT-M and PGT-SR and ICSI offspring, the reported z-scores for blood pressure are significantly higher than 0 in both groups. This indicates that the blood pressure is not negatively affected by the embryo biopsy, but it remains currently unclear whether there is an overall effect of ICSI as our study did not include a control group of spontaneously conceived peers, and also because the literature on this topic is not univocal (Guo et al., 2017) .
Our findings are robust even after adjustments for covariates that are generally known to affect body composition. PGT-M and PGT-SR singletons according to maternal, pregnancy and sociodemographical characteristics to peers born after ICSI without embryo biopsy is a major strength of this study, since these variables can influence prenatal as well as postnatal growth. Consequently, the only difference in procedure between the two groups of this singlecentre study is the embryo biopsy since all transfers comprised fresh embryo transfers and all were carried out at Day 5. However, since we are aware that a proportion of the couples requiring PGT-M and PGT-SR also face an infertility problem, we performed a subgroup analysis comparing outcomes in singletons born after PGT-M and PGT-SR from parents with a concomitant infertility problem vs ICSI children in order to unravel the effect of the invasive procedure (biopsy) vs the parental background (infertility). Although we recognize this group is rather small, but still somewhat larger than the number of singletons described by Kuiper et al. (2017) , we did not find differences in anthropometrics and blood pressure measurements between children born after PGT-M and PGT-SR from parents with an infertility component and ICSI children. Overall, with a sample of 87 PGT-SR and PGT-M singleton children, which is the largest cohort of singletons born after embryo biopsy, we were able to detect moderate differences in anthropometrics and blood pressure, but the detection of small differences requires even larger sample sizes. Despite this observation, no clinically relevant differences were found between children born with/without embryo biopsy. Also, the finding of comparable hospitalization and surgical intervention rates adds to this reassurance.
In conclusion, in this single-centre matched-pair cohort study of 5-6-year-old children born after PGT-M and PGT-SR and ICSI, no differences in anthropometrics and blood pressure measurements were found. However, more and long-term follow-up studies are indicated as there are currently no data available for PGT children born after trophectoderm biopsy and/or transfer of warmed embryos after vitrification. Sum of central skinfolds (mm) 11.6 ± 3.8 11.5 ± 3.7 0.9 0.1; −1.1, 1.2 −0.2; −1.3, 0.9
Total sum of skinfolds (mm) 26.3 ± 7.3 26.9 ± 7.5 0.4 −0.9; −3.3, 1.5 −1.4; −3.8, 0.9 Subscapular/triceps skinfold ratio 0.6 ± 0.1 0.6 ± 0.2 0.9
Total body fat (%)°13.7 ± 3.3 13.9 ± 3.7 0.6 −0. Continuous data: mean ± SD.°A ccording to Slaughter equation. *Adjusted for current characteristics (age), neonatal characteristics (birthweight, birth order) and parental characteristics (maternal smoking during pregnancy, BMI of the mother and of the father). **Student' t-test.
